Fabrication of high quality ferromagnetic Josephson junctions 
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We present ferromagnetic Nb/Al2 03/Ni6oCu4o/Nb Josephson junctions (SIFS) with an ultrathin 
AI2O3 tunnel barrier. The junction fabrication was optimized regarding junction insulation and 
homogeneity of current transport. Using ion-beam-etching and anodic oxidation we defined and 
insulated the junction mesas. The additional 2 nm thin Cu layer below the ferromagnetic NiCu 
(SINFS) lowered interface roughness and ensured very homogeneous current transport. A high yield 
of junctional devices with jc spreads less than 2% was obtained. 
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INTRODUCTION 

The realization of qubits for quantum computation at- 
tracts considerable interest. One approach is to use low 
Tc Niobium Josephson junctions (JJ) which utihze an 
ultrathin ferromagnetic layer to change the coupling of 
the two superconducting electrodes Whether the 

junction is in the or tt coupled state depends on the 
properties of ferromagnetic layer and especially its thick- 
ness dp. The coupling state can be determined by 

T ^ J M dp ^Fi . dp . 
Ic oc exp(-d_F/4Fi)| cos h - — sm - — | 

t,F2 t,F2 t,F2 

with characteristic decay £,fi and oscillation length ^p2 
Transition from to tt occurs at /c(di?^o— n-) = when 
critical current Ic cancels out. Such JJs which can be re- 
alized either in an SFS 0, H, 0, or an SIFS layer 
sequence (S: Superconductor, F: Ferromagnet, I: Insu- 
lator). In contrast to SFS junctions the area-resistance 
{R X A) product of SIFS structures can be tuned over 
orders of magnitude by using appropriate oxidation con- 
ditions for the tunnel barrier formation. High {R x A) 
products simplify the voltage readout. 
The first step to realize a qubit is the formation of a semi- 
fluxon. Recent theoretical considerations predict semi- 
fiuxons in SIFS junctions with a step-like ferromagnetic 
layer Exploiting such semifluxon for qubits systems 
[lOj demands low spread of extrinsic and intrinsic param- 
eters, e.g. junction area and current density. 

SAMPLES 

The fabrication of SIFS multi-layers was performed in- 
situ by a computer-controlled Leybold Univex 450B mag- 
netron sputtering system. Thermally oxidized 4-inch Si 



wafer served as substrates. The wafers were clamped 
onto a water cooled Cu-block. First a 120 nm Nb bottom 
electrode and an 5 nm thick Al overlayer were deposited. 
Subsequently the aluminium was oxidized for 30 min in a 
separate chamber at an oxygen partial pressure ranging 
from 0.015 to 0.45 mbar. As ferromagnetic layer we de- 
posited the diluted Ni6oCu4o alloy {Tc = 225K), followed 
by a 40 nm Nb cap-layer. For realization of "wedge" 
shaped NiCu-laycr (Fig. QJ, the substrate and sputter 
target arc shifted about half the substrate length. This 
facilitates the preparation of SIFS (and SINFS, N: nor- 
mal metal) junctions with different F-layer thicknesses to 
avoid the inevitable run to run variations. In this way 
we prepared F-layers ranging between 1 and 15 nm. 

The argon pressure during sputtering was 7.0 ■ 
10"'^ mbar for Nb and Al and 4.2 • lO^^mbar for 
Cu and NiCu, respectively. The background pressure 
was 5 ■ 10~^mbar. Niobium was deposited statically with 
2.00 nm/s at a power density of 5 W/cm^ and NiCu: 
0.34nm/s at 0.6W/cm^, while Al and Cu were deposited 
during sample rotation and at much lower deposition 
rates to obtain very homogeneous and rmiform films: Al: 
0.05 nm/s and Cu: 0.1 nm/s, both at l.OW/cm^. 




4 inch, 100 mm 



a) SIFS cross section b) NiCu sputter rate 

FIG. 1: (a) SIFS stack with "wedge" -shaped F-layer and (b) 
decreasing of the NiCu-sputter rates across a 4 inch wafer 
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a) multilayer deposition b) (reactive) ion etching 
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c) Niobium anodization 



d) wiring deposition 
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FIG. 2: (a) to (d) Three level photo mask procedure including 
ion-etching and Nb-anodization 



Patterning 

Tunnel junctions with a crossbar geometry were pat- 
terned using optical lithography and Ar ion beam 
milling. A three level photo mask procedure was ap- 
plied. First the bottom SIFS-layer areas were defined by 
a lift-ofl^ process. The situation after deposition of the 
SIFS sequence is shown in Fig. |21 (a) . 
After the lift-off various kinds of tunnel junctions were 
defined by applying the second photo mask step followed 
by reactive ion beam etching for the Nb layer and Ar for 
the NiCu and Al layers. The etching was controlled by 
a mass spectrometer and the procedure was stopped by 
reaching the AI2O3 tunnel barrier (Fig. |2Ib)). During 
etching the substrate was tilted by 70° and rotated to 
avoid etch fences at the edges of the mesas. The mesas 
were isolated by SNEAP (Selective Niobium Anodization 
Process) [ll|, Fig. |a;c). 

It is interesting to note that the anodization was suc- 
cessful in the presence of NiCu layer. We obtained no 
problems with parallel currents through the NiCu layer 
during anodization. Probably the ferromagnetic layer is 
so thin that it is immediately overgrown by Nb205 and 
AI2O3 shortly after starting the anodization procedure. 
At a rate about 1 V/s we anodized the junction up to 
a voltage of 60 V (corresponding to 51 nm of anodized 
Niobium) was reached. The form factor of 2.3 for Nio- 
bium oxidation corresponds to 120 nm of formed Nb205, 
providing a complete side coverage of the barrier and the 
ferromagnetic layer. 

In the last photo mask step the wiring layer was defined. 
After a slight ion beam etching to achieve low contact 
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FIG. 3: SIS junctions with different oxidation conditions for 
the tunnel barrier forming. 



resistance, a 300 nm thick Nb wiring was deposited. In 
Fig. 121 (d) the schematic cross-section of the device is 
shown. 

To check the procedure standard SIS junction were fabri- 
cated with areas between 25/j,m^ and lOOOfim^. In Fig. O 
two SIS characteristics are shown. For the ferromagnetic 
SIFS and SINFS junctions the areas were 10.000 fim^ 
large. 



Oxidation 

Besides a reliable junction patterning the interlayer 
roughness is essential for high quality ferromagnetic junc- 
tions. For SIFS junctions we optimized the AI2O3 rough- 
ness as well as the roughness of the Ni Cu alloy to achieve 
low spreads of jc from run to run. In this work we kept 
the oxidation time constant (30 min) and varied the oxy- 
gen pressure between 0.015 and 0.45 mbar. Using the 
very low oxidation pressure (0.015 mbar) we obtained 
current densities jc of 4kA/cm^ (Fig. I3 to counterbal- 
ance the strong Cooper-pair breaking in the ferromag- 
netic alloy, as seen in the Iddp) dependence [l^ . 



SIFS and SINFS 

On reference samples we performed ex-situ atomic 
force microscopy (AFM) measurements. The roughness 
of the Si02 surface was less than 0.3nm (rms). A 120nm 
Nb film showed a roughness of 0.44 nm, which increased 
to 0.6 nm after deposition of 5 nm Al and even up to 
0.9nm after further 4nm of NiCu. Insertion of a 2nm Cu 
film after oxidation decreases the roughness of the SIN 
stack down to 0.50 nm. Now the top roughness of SINF 
(F: 4.7 nm) stack is about 0.68 nm. The ferromagnetic 
interlayer in a SINFS stack exhibited at both interfaces 
of NiCu a lower roughness than in a SIFS stack. Non- 
uniform growth of NiCu on top AI2O3 may be causes 
by island-formation of the first monolayers when grown 
directly on AI2O3. 
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Fig. 0] displays a cross-sectional HRTEM (High- 
Resolution Transmission Electron Microscopy) image of 
a SIFS stack which was taken under bright atom con- 
trast conditions using a spherical-aberration corrected 
electron microscope [13 ■ Because of the polycrystalline 
structure of the layers, individual nano crystallites are not 
uniformly oriented with respect to the incident electron 
beam effecting that only certain lattice planes are re- 
solved at atomic plane distances. Moreover, the image 
contrast is slightly bleary, which is most presumably due 
to both, the formation of amorphous interlayers during 
deposition and electron beam damage during operation 
of the instrument. 

However, the basic layer structure becomes clearly visi- 
ble from this image, i.e. the Al layer appears undulated, 
as opposed to a potential two-dimcnsionally flat layer. 
The lower Nb — Al and the upper Ni Cu — Nb interfaces 
show the very same undulations, meaning that rough- 
ness and intcrdiffusion occurs on a small length scale. 
Nonetheless the Al, AI2O3 and NiCu layers are not di- 
rectly distinguishable from each other in the micrograph. 
We attribute this observation to similar electron scatter- 
ing amplitudes of the former materials and the interlayer 
roughness at rather small layer thicknesses, which may 
give rise to projection artefacts. 



RESULTS AND DISCUSSION 

Our approach to patter ferromagnetic J Js differed from 
the standard procedure 0,0, 0,0 Si where junction insu- 
lation is done by deposition of silicon-oxides after etching. 
The Nb205 exhibits nearly defect free insulation between 
superconducting electrodes, even for thick (15 nm) ferro- 
magnetic interlayers. 

Electric transport measurements were made in a liq- 



uid Helium dewar at 4.2 K. In Fig. |21the current volt- 
age characteristics for SIS junctions at different oxida- 
tion pressures are shown. The figures of merit Vm = 

/ci?(2mV), McCumber-Stewart parameter Pc = ^"^^"/f "'^ 
and Vc = ^c^ri are for the jc = 4 kA/cm^ junction: 
V,n = 12 mV, 13c = 3.10, Vc = 1.60 mV and for the 
jc ~ 720 kA/cm^ junctions: Vm = 32.1 mV, /3c = 
14.8, Vc = 1.49mV. Larger jc corresponded to inhonioge- 
neous tunnel barrier formation, hence increased subgap 
leakage current and a decreased energy gap (inset of fig- 
ure [SJ. Still these higher jc junctions exhibit good junc- 
tion parameters, so wc used their tunnel barrier oxida- 
tion conditions (0.015 mbar) for the fabrication of SINES 
stacks. 

The Fraunhofcr modulation of Ic is seen in Fig. I^lfor 
SIFS junctions with 2 nm (a) and 4nni (b) NiCu layers 
and a SINES junction with 2nm Cu and 4.7nm NiCu(c). 
All the ferromagnetic junction investigated in this work 
are still in coupled regime [l^ . In general the inter- 
face barrier roughness leads to inhomogencous current 
transport, which can cancel out the coherent Josephson 
coupling and leads to disturbed Fraunhofcr pattern. The 
conditions for non-uniform supcrcurrent are given by the 
ratio of NiCu interface roughness over the decay length 
and oscillation length of the supercurrent. In 
Ni6oCu4o these values are about 1 — 3 nm, to be pub- 
lished in [13. 

For thin (below 3 nm) Ni Cu layers we see a clean Fraun- 
hofcr modulation (Fig. |Sl(a)). However for thicker NiCu 
layers the Ic{H) deviated considerably (Fig. [Sl(b)). Al- 
though electrical measurements on SIS junctions sug- 
gested a high quality barrier (inset of Fig. |3J), this sug- 
gests some finite roughness of the AI2O3 tunnel barrier 
and/or of the NiCu layer. As AFM-measurements indi- 
cated the 2nm NiCu layer on-top the AI2O3 forms similar 
roughness contours, so effective thickness of NiCu is con- 




FIG. 4: Cross-sectional 
Nb/Al/NiCu/Nb stack 
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FIG. 5: Ic{H) of (a) SIFS (2 nm NiCu), (b) SIFS (4 nm 
NiCu) and (c) SINFS (Cu 2 nm, NiCu 4.7 nm) stack. Oxygen 
pressure is 0.45 mbar for SIFS and 0.015 mbar for SINFS type. 
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FIG. 6: IVs of three SINFS junction, O2 oxidation pressure 
is 0.015 mbar. Sic = 2%, SR,, = 0.5% 



stant and super-current transport remains homogeneous 
as seen in Fig. |5l (a). When doubhng the thickness of 
NiCu to 4.7 nm its top roughness is about 0.9 nm and 
the effective Ni Cu layer thickness is not uniform. This is 
supported by transport measurements seen in Fig. El(b). 
By including a 2nm Cu layer under the NiCu the Ic{H) 
we recovered the clean Fraunhofern pattern. We could 
even use the thinner AI2O3 barrier for SINFS, although 
this should increase the AI2O3 roughness slightly. The 
Cu-layer between AI2O3 and NiCu smoothes the lower 
NiCu-interface and provides an uniform effective ferro- 
magnetic layer. Even for thicker (up to 8.5 nm) NiCu- 
layers we see uniform supercurrents through such SINFS 
junctions (fig. [SI (c)). For NiCu thicker than 8.5 nm 
we can not measure any supercurrcnt due to the strong 
Cooper pair breaking. This will be reported elsewhere 



The strong proximity effect of Cu leads to weak pair 
breaking of the super-current in the N-layer. SIFS and 
SINFS samples (N: 2 nm Cu layer) showed identical crit- 
ical current densities, so junction properties are deter- 
mined by the ferromagnetic layer. For all NiCu thick- 
nesses we obtained a low junction to junction devia- 
tion. In Fig. |Slthe characteristics of three under-damped 
SINFS junctions with a 3.3 nm NiCu layer are shown. 
The parameter spread of critical current and normal re- 



sistance (and therefore /?c) is below 2% (Jc = 14, 3 mA, 
Rn = 26.97 ToTl and (3c = 5.0). Even the very sensi- 
tive sub-gap characteristics are nearly identical for all 
jimctions as seen in Fig. |S1 These junction exhibit a 
high-quality Ic{H) pattern (inset of Fig. O, just like the 
Fraunhofern pattern of SINFS with 4.7 nm NiCu layer 
in Fig. El (c). 

CONCLUSION 



Motivated by the demand for ferromagnetic JJ with 
low parameter spread, we have developed an alternative 
fabrication process. Transport measurements on SINFS 
junction showed that the quality of junctions was consid- 
erable improved using Nb205 as insulator and planariza- 
tion of the ferromagnetic interlayer by an additional Cu 
layer. Our fabrication procedure may offer a solution for 
the strict uniformity requirements for the formation of 
qubits. 
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